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The properties of two-photon excitation, such as the different selection rules and superior spatial
control compared with one-photon excitation, and are exploited in many different types of appli-
cations, from two-photon fluorescence microscopy to photodynamic therapy. Most prior work has
emphasized the development of molecules with large two-photon absorption (2PA) cross-sections
using single wavelength measurements that neglect the rich information available from broadband
2PA spectroscopy. Techniques that have been used to measure two-photon absorption spectra
are often complicated by large experimental uncertainties. This thesis describes work to develop
a broadband two-photon absorption method in order to provide a robust method that can accu-
rately measure two-photon absorption spectra and absolute cross-sections, and therefore aid in the
discovery of novel chromophores with large two-photon cross-sections for use in many different
applications.
The work presented in this thesis involves method development of the broadband two-photon
absorption technique through measurements of the test compounds coumarin 153 and benzene.
The broadband two-photon absorption technique simultaneously measures stimulated Raman scat-
tering that can be used as an internal standard in the measurement of absolute two-photon absorp-
tion cross-sections. In addition, picosecond pump pulses were used in the broadband two-photon
absorption method to increase the resolution of the technique. Lastly, improvements to the broad-
band two-photon absorption technique were used in a preliminary study of photo-active manganese
tricarbonyl complexes to demonstrate how two-photon absorption spectroscopy is helpful for un-
derstanding the non-linear photo-induced release of carbon monoxide.
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1.1 Overview of Two-Photon Absorption
Research over the past two decades has led to the development of molecules that readily undergo
two-photon absorption (2PA), i.e. molecules with large 2PA cross-sections.1,2 A few of the appli-
cations that take advantage of the properties of nonlinear absorption are two-photon fluorescence
microscopy,3–13 photodynamic therapy (PDT),14–27 and optical data storage.28 For the continued
development of these many promising applications, new two-photon chromophores with large ab-
solute 2PA cross-sections are required. However the ability to measure the broadband two-photon
absorption spectra and absolute cross-sections is limited by the current techniques available which
all have large experimental uncertainties and require ultrafast laser pulses to generate the required
intensity to initiate two-photon absorption.29 The work in this thesis develops and improves the
ability of the broadband two-photon absorption technique to measure accurate two-photon absorp-
tion cross-sections and broadband spectra to aid in the research of novel two-photon chromophores.
Two-photon absorption spectroscopy is a powerful technique that is critical in understanding
the electronic structure of molecules. Two-photon absorption spectroscopy can probe the different
two-photon allowed electronic states and how readily a molecule will undergo two-photon ab-
sorption by measuring the absolute two-photon absorption cross-section. Two-photon absorption
spectroscopy can be used in combination with many different wavelength photons and different
polarizations to interrogate the electronic excited states of a molecule. To better understand the
relationship between the structure of molecules and their two-photon absorption properties accu-
rate broadband 2PA spectroscopy is required. Therefore the development of the broadband 2PA
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technique is key in the further development of novel 2PA chromophores designed for use in the
applications using two-photon excitation.
The many advantages of two-photon absorption are derived from the fact that two-photon ab-
sorption can be induced using two non-resonant photons. Two-photon absorption can be achieved
using either a single laser source or by using two different laser sources and different wavelength
photons. The simultaneous absorption of two-photons of the same wavelength is shown in Figure
1.1. The combined energy of the two non-resonant photons can promote a molecule to an excited
state but only through the simultaneous absorption of both photons.29
Figure 1.1: Energy level diagram of two-photon absorption including the virtual state
The non-resonant photons require that two-photon absorption proceeds through a virtual state
shown in Figure 1.1. The virtual state is described as the perturbed molecule in the presence of
the incident electric field. Therefore, when overlapped with a second field 2PA can achieve pro-
motion to an allowed electronic excited state, as shown in Figure 1.1. Two-photon absorption
cross-sections can be described using the sum over states to describe the electronic dipole contri-
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Here the two terms within the sum represent the different ordering of the interactions where both
terms correspond to reaching the same excited electronic state e. The components in the numera-
tor of equation 1.1 are the dipole operator µ , polarization vectors of each electric field εpump and
εprobe, and the corresponding wavefunctions for the different states g, e, and i. The terms in the nu-
merator describe the two-photon absorption process where the first perturbation εpump is promoting
the system through the interaction with the electronic dipole µ from the ground electronic state g
to the intermediate state i and then the second perturbation εprobe promotes the system to the final
electronic excited state e. Lastly, the denominator represents the difference in energy between the
photons involved and the eigenstates of the system. The individual terms increase as the energy
separation between the photon and the eigenstates becomes small and therefore, are moving on
resonance with that transition.
The coupling of two electronic transition dipoles is what leads to the difference in the selection
rules for two-photon absorption compared to traditional one-photon absorption, and makes two-
photon absorption an important spectroscopic tool. The allowed electronic transitions for both
one and two-photon absorption are determined by the molecular symmetry of the molecule and
the character tables for each corresponding point group.30–32 Molecules are sorted into different
point groups based upon the symmetry operations that are present in each molecule. The main and
most notable difference in the selection rules for two-photon absorptions arises from molecules
which are classified as centrosymmetric meaning that they contain a center of inversion. The par-
ity selection rules for centrosymmetric molecules for one-photon absorption transitions requires a
change in the inversion symmetry of the electronic state. The inversion symmetry of the orbitals is
described as gerade(symmetric) or ungerade(antisymmetric). Therefore the parity selection rules
for one-photon transitions in centrosymmetric molecules require either a transition from a sym-
metric(g) to an antisymmetric(u) state or vice versa. The parity selection rules for two-photon
absorption for centrosymmetric molecules are notably different due to the two interactions with
the electric fields (pump and probe). The parity selection rules for two-photon absorption do not
allow a change in the inversion symmetry between the initial and final electronic states, therefore
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allowing transitions from symmetric(g) ground states to symmetric excited states(g) and the same
applies from antisymmetric states. Therefore, granting access to different excited electronic states
after two-photon absorption for centrosymmetric molecules. Lastly, the parity selection rules for
non-centrosymmetric molecules are not exclusive between one and two-photon absorption and
therefore the allowed transitions are determined by the symmetry of the molecule.
Access to different electronic states through different selections rules has inspired research
to control and better understand the photo-chemical reactions through one and two-photon pro-
cesses.33–35 Photo-chemical reactions are controlled by the landscape of the excited state potential
energy surface and therefore can achieve different results based upon the excitation source either
by one or two-photon absorption. This has directly motivated previous research in our group look-
ing at the two-photon un-caging reactions in a p-hydroxyphenacyl for controlled release of ATP
and understanding how the photoisomerization of trans-stilbene is affected by higher-lying excited
states27,36. Being able to thoroughly investigate the two-photon absorption properties of molecules
is imperative to the continued development of novel two-photon active materials and the advance-
ment of this field of research.
1.2 Applications of Two-Photon Absorption
The properties of two-photon absorption have been demonstrated to be useful in many different
applications from photodynamic therapy to two-photon fluorescence microscopy.3,20 The prop-
erties of two-photon absorption are described by the change of intensity of a laser beam that is
transmitted through a sample in the z-direction, as shown by equation 1.2. The first term shows the
one-photon absorption is linearly related to the change in intensity as the beam is transmitted, and
the two-photon absorption is quadratically related. The terms α and β are related to the one and
two-photon absorption cross-sections, and the relationship between the two-photon coefficient and
the two-photon absorption cross-section is shown in Equation 1.3. Therefore, only when the laser
beam is non-resonant and one-photon absorption is weak can two-photon absorption compete to
4








The two-photon absorption cross-section is usually given in the units of Goppert-Mayer (GM)
where 1 GM is equal to 10−50( cm
4∗s
molecule∗photon). For appreciable two-photon absorption to occur
large intensities are required and can be achieved by the use of ultrafast pulsed laser sources. The
intensity dependence is one reason two-photon absorption has been used in many applications such
as two-photon florescence imaging and photodynamic therapy.
1.2.1 Two-photon Fluorescence Imaging
A main application for two-photon absorption is two-photon microscopy which was first demon-
strated in 1990 by Denk et al.3 with two-photon laser scanning microscopy. Two-photon mi-
croscopy since then has developed into many other techniques based on the properties of two-
photon absorption such as multiphoton microscopy and deep two-photon microscopy however each
technique intentionally takes advantage of the properties of nonlinear absorption.6,10 The spatial
control of two-photon absorption granted from the intensity dependence allows for the ability to re-
duce out of focus excitation by only selectively exciting molecules within the intense laser focus. In
addition, two-photon absorption can excite visible or ultra-violet transitions using near-IR photons
because it is the combined total energy of both photons that determines which electronic transi-
tion is excited. The use of longer wavelength near-IR photons that are known to better penetrate
highly scattering tissues such as the skin allows for deep imaging using nonlinear absorption.7,10
Two-photon fluorescence imaging has been widely implemented.3–8,37 Due to the successful appli-
cation of two-photon microscopy, a large number of two-photon molecular fluorescent probes have
been developed for a wide range of imaging applications.11,38–41 The development of these probes
is dependent upon their two-photon absorbing properties and the techniques available to measure
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them. Therefore the development of a simple and accurate method for measuring two-photon ab-
sorption spectra such as the broadband two-photon absorption technique can directly lead to the
development of novel nonlinear fluorescent probes.
1.2.2 Controlling Chemical Reactions with Two-Photon Absorption
An important goal in almost every area of chemistry research is to better understand chemical
reactions to develop ways to exert control over the outcome of reactions.42 The properties of
two-photon absorption have been often employed to help control chemical reactions by access-
ing different electronic states through two-photon absorption processes. The previously described
selection rules allow for molecules which are centrosymmetric to reach different electronic states
and thus possibly allowing for different excited state dynamics that could help lead to controlling
photochemical reactions. One example of this approach was used by Sotome et al. to increase the
quantum yield of the cycloreversion reaction of a diarylethene photoswitch for possible applica-
tions in optical data storage.43 For photochemical reactions, the electronic states involved playing
a critical role in determining the reactivity. For the condensed phase, Kasha’s rule states that higher
lying excited states are rapidly relaxed through internal conversion to the lowest-lying excited state
generally, the S1 state which limits the ability for higher-lying excited states to control chemical
reactions.44
Controlling chemical reactions using two-photon absorption can often be limited by both Kasha’s
rule and molecules that are not centrosymmetric.44 Low-symmetry molecules typically reach sim-
ilar electronic excited states with both one and two photon absorption. However, the use of two-
photon absorption for applications in photodynamic therapy can still take advantage of the other
properties of two-photon absorption. The superior spatial control and lower energy photons in-
volved help to motivate additional applications such as photodynamic therapy and two-photon
fluorescence imaging to take advantage of two-photon absorption. Two-photon absorption has
been demonstrated for many different types of photodynamic therapies including the production
of singlet oxygen species for anti-cancer or apoptotic behavior.16,22,45–47 Also, there are many
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other examples of the use of two-photon excitation to control photochemical reactions. Another
example includes the photo-uncaging for controlled release of adenosine triphosphate (ATP) and
other neurotransmitters previously studied within our group.36
1.3 Two-photon Absorption Techniques
1.3.1 Degenerate 2PA Spectroscopy Methods
1.3.1.1 Z-scan
The most common technique for two-photon absorption spectroscopy and nonlinear absorption
measurements is the z-scan technique.48–50 The z-scan technique uses a single pulsed monochro-
matic beam. The beam is focused tightly to produce the sufficient intensities to generate the desired
two-photon absorption, and the sample is translated along the axis of the beam denoted the z-axis.
The z-scan technique directly measures the transmission and therefore, the attenuation of the laser
beam at the specific position along the z-axis due to two-photon absorption. The incident laser en-
ergy per pulse is kept constant throughout the measurement; however, the intensities are changed
due to the focusing of the beam and the translation of the sample through this focus. An additional
benefit is that the z-scan has also been demonstrated to simultaneously measure the nonlinear re-
fraction and the two-photon absorption in closed aperture configuration, while also being able to
unambiguously separate both signals.49 The versatility and simplicity of the technique is the rea-
son why it is a very common method used for nonlinear absorption studies. The largest drawback
of the traditional single beam z-scan measurement is that to measure broad spectral dependence
requires several z-scan measurements and tuning of the laser wavelength.
A variation of the z-scan technique was demonstrated using femtosecond white light continuum
instead of the traditional single monochromatic beam.51 The white light continuum z-scan greatly
simplified the measurement of the broad spectral dependence. This enabled the measurement of
the broadband two-photon absorption spectrum without the need for tuning the laser wavelength
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and multiple measurements. The complications to this technique come from generating enough
intensity in the white light continuum for two-photon absorption to take place. The white light
continuum z-scan measurements by De Boni et al. required approximately 10µJ per pulse of
white light continuum in their measurements compared with only a few nJ in typlical WLC probe
pulses.52 While generating large amounts of white light continuum, great care needs to be taken
in order to measure the spatial dependence of the focus of the broadband white light continuum
in order to ensure the white light is composed of a singular beam and not composed of multiple
filaments. The white light continuum z-scan is a unique capability of the z-scan technique, how-
ever the monochromatic z-scan is the predominantly used technique. The implementation of white
light continuum z-scan highlights the difficulty of measuring the broadband two-photon absorp-
tion spectrum and the need for the continued development of the current methods used to measure
two-photon absorption.
1.3.1.2 Two-Photon Induced Fluorescence
Another two-photon absorption technique that has been demonstrated is the two-photon excita-
tion fluorescence technique as shown in the work by Xu et al.53 This technique is characterized
by measuring the fluorescence signal that is produced after a degenerate two-photon excitation.
Therefore, it is not directly measuring the absorption by the way of the attenuation of the transmit-
ted beam like the z-scan technique but instead, the fluorescence signal is measured. Therefore this
technique is relying on the two-photon fluorescence quantum yield being directly proportional to
the absolute two-photon absorption cross-section and that the molecule of interest is fluorescent.
This degenerate two-photon absorption technique again is limited by the tuning of the laser wave-
length to capture the entire two-photon absorption spectrum.
This technique is notably used by De Reguardati et al. for some of the most accurate mea-
surements of absolute two-photon absorption cross-sections of common fluorescent laser dyes to
be used as reference standards for nonlinear absorption.54,55 Their results are used as a point of
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comparison for the work in this thesis. The two-photon induced fluorescence technique has been
used to measure multiple series of reference standards and most notably include the work done by
both Xu and DeReguardati et al.53,54 Ultimately all the methods used to measure two-photon ab-
sorption cross-sections are complicated by the necessity of ultrafast laser pulses which can lead to
large systematic uncertainties. The uncertainties arise from the necessity of knowing the full 3-D
intensity profile of the ultrafast pulse where hot spots or deviations from Gaussian character can
lead to large uncertainties. However, some of the most common applications for two-photon ab-
sorption are the two-photon fluorescence microscopy and the development of nonlinear fluorescent
probes. Therefore the fluorescent references standards are often used to help measure and ensure
the two-photon fluorescence properties of novel fluorescent probes making this the technique that
is most commonly used for molecules of this type. There have also been series of reference stan-
dards measured for other types of materials based on their applications.53–57
1.3.2 Non-Degenerate 2PA Spectroscopy Methods
The simultaneous absorption of two photons of different wavelengths is non-degenerate two-
photon absorption and requires two different ultrafast laser pulses overlapped in time and space
within the sample. The introduction of a second beam complicates the technique from a techni-
cal standpoint, but as demonstrated in the work for this thesis and by others58–60, the additional
laser pulse opens up opportunities for improving the techniques for two-photon absorption spec-
troscopy. Most notably was the use of the ultrafast white light continuum in addition to an intense
pump pulse to achieve broadband detection in a single measurement. Another benefit of two-beam
techniques is that the polarization dependence can be easily measured by rotating the polarization
of a single beam relative to the other. The introduction of two laser pulses is greatly beneficial to
the overall method development of two-photon absorption spectroscopy.
The broadband two-photon absorption technique is a pump-probe derived technique that is
analogous to traditional transient absorption spectroscopy, but instead of looking for the dynamical
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information, the absorption of the probe in the presence of a non-resonant pump pulse is measured.
This technique was first demonstrated in the work done by Negres et al. in 2002.58,59Broadband
two-photon absorption uses a weak ultrafast white light continuum often denoted as the “probe”
pulse for broadband detection and an intense ultrafast “pump” to achieve the intensity and photon
flux needed for two-photon absorption. This technique has been demonstrated to be a powerful
tool to probe the electronic structure of water and common alcohols in the ultraviolet region using
the polarization dependence in the work done by Elles et al.60 and Bhattacharyya et al.61 The
ability to resolve solvation effects in green fluorescent protein (GFP) was also demonstrated in the
work done by Hosoi et al.62
1.4 Thesis
This thesis discusses the development of the broadband two-photon absorption spectroscopy tech-
nique by the implementation of stimulated Raman scattering as an internal standard to reduce the
experimental uncertainty in the measurement of the absolute 2PA cross-section and the incorpo-
ration of picosecond pump pulse to improve the resolution of the technique. The development is
intended to simplify the measurement of absolute two-photon absorption cross-sections and the
measurement of accurate two-photon absorption spectra.
The second chapter of this thesis discusses the experimental methods of the broadband two-
photon absorption and polarization gated frequency-resolved optical gating (PG-FROG) techniques.
The broadband two-photon absorption technique used multiple detection schemes and pump pulses.
The ps pump pulses were generated using second-harmonic spectral compression and filtered using
a 4f filter in order to produce narrow bandwidth Gaussian ps pulses for broadband 2PA measure-
ments. The different detection schemes were used to increase the experimental resolution for the
broadband 2PA measurements. The PG-FROG setup was implemented for diagnostic purposes
to measure the spectrogram of the fundamental output of a Ti:Sapphire (Coherent, Legend Elite)
laser.
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The third chapter describes the method development of the broadband two-photon absorption
technique. The broadband two-photon absorption spectrum of coumarin 153 was measured to
demonstrate the overlapping stimulated Raman scattering and two-photon absorption signals that
can be used as an internal standard. The internal standard was demonstrated to eliminate the uncer-
tainty in the overlap of the pump and probe which is the largest source of experimental uncertainty
in the measurement of the absolute two-photon absorption cross-section using the broadband 2PA
technique.
The work in the fourth chapter of this thesis describes the incorporation of a spectrally filtered
ps pump pulse for the broadband two-photon absorption technique. The ps pump pulse was used to
measure the two-photon absorption spectrum of the electronically forbidden B2u← A1g transition
of benzene. The known one-photon and two-photon absorption spectroscopy of benzene enable
the assignment of the vibronic progressions measured using the broadband two-photon absorption
technique. The picosecond pump pulse was used to test the resolution of the technique and to
show the natural linewidth of the vibronic bands in condensed phase benzene. The incorporation
of the picosecond pump pulses improves the use of the stimulated Raman scattering as an internal
standard by improving the ability to resolve the individual Raman bands and increase the accuracy
of differential Raman cross-section.
The last chapter of this thesis describes how this research for both the method development
and two-photon absorption spectroscopy can be continued in the future. The preliminary study of
a class of manganese tricarbonyl complexes which have demonstrated the photo-induced release
of carbon monoxide shows how the broadband two-photon absorption technique can be used to
understand the two-photon electronic transitions in molecules. To demonstrate how understanding
the two-photon absorption transitions can be used to maximize the two-photon absorption cross-
section while maintaining the desired carbon monoxide release. Secondly, the broadband two-
photon absorption can be improved by developing a single-shot measurement. In a similar manner
single-shot PG-FROG can measure both the time and frequency domains of an ultrafast laser pulse
in a single shot. The simultaneous measurement of both the time and frequency domains in the
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PG-FROG measurement can be used to demonstrate the idea of a single-shot two-photon absorp-
tion measurement. The elimination of the use of optical delay stages and using a similar strategy to
that implemented in the PG-FROG measurement, the broadband technique is a promising method





This chapter focuses on the technical aspects of the various experimental configurations used in the
development of broadband two-photon absorption measurements. The broadband two-photon ab-
sorption technique was implemented with both a femtosecond and picosecond pump pulse and two
different detection methods. The different pump pulses and detection methods were used to test
and improve the experimental resolution of the condensed phase broadband two-photon absorp-
tion measurements. In addition, polarization gated frequency-resolved optical gating (PG-FROG)
was implemented to take single-shot measurements of the spectrogram of ultrafast laser pulses for
diagnostics purposes, as demonstrated by Trebino et al.63,64 The spectrogram includes the simul-
taneous measurement of both the time and frequency domains of an ultrafast laser pulse.
2.2 Broadband Two-Photon Absorption Setup
The broadband two-photon absorption technique required two laser beams and is directly related
to the common pump-probe spectroscopy.58,59 In a pump-probe measurement, the pump beam
is generally narrow in bandwidth and typically tuned to a ground state electronic resonance of
the sample to promote population to an excited state. However, in the broadband two-photon
absorption, the pump beam is specifically tuned to be non-resonant with any electronic resonances
and instead chosen to give the desired total energy between the pump and probe photons. The probe
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beam is the same in both pump-probe and broadband two-photon absorption consisting of a weak
broadband white light continuum which is also non-resonant. Therefore, the combined energy of
the pump and probe photons determines the range of the two-photon absorption spectrum that is
measured.
The broadband two-photon absorption measurements were taken using a Ti:sapphire oscillator
(Coherent, Mantis) and amplifier (Coherent, Legend Elite) which produce 800 nm pulse with a
duration of 35 fs and at a 1 kHz repetition rate. The tunable narrowband pump wavelengths were
generated using a commercial optical parametric amplifier (OPA) with two additional frequency
conversion stages. The probe white light continuum was produced by the use of a home built OPA
whose infrared 1200 nm signal pulse was focused into a circularly translating CaF2 disc to produce
the desired wavelength range of the continuum.35 Overlapping the pump and probe in time was
achieved with optical delay stages. The pump and probe are tightly collimated around 150 µm
beam diameter and overlapped spatially within the sample 1 cm cuvette.
The two-photon absorption spectrum is calculated using the difference absorption signal (∆A)
and is measured using alternating measurements of the probe intensity when the pump is incident





Synchronized optical choppers (Newfocus,3501) set to 500 Hz block every other pump pulse to
facilitate shot to shot measurement of the change in absorption during broadband two-photon ab-
sorption measurements.
2.2.1 Picosecond Pump Pulse Generation
The broadband two-photon absorption measurements that included the simultaneous measurement
of stimulated Raman scattering are discussed in further detail in chapter 3 of this thesis. The use
of a femtosecond pump pulse with considerable bandwidth limits the ability of the technique to
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resolve narrow Raman scattering peaks. The use of picosecond pump pulses for stimulated Ra-
man scattering measurements has been documented previously.65 The use of narrow-bandwidth
picosecond pump pulses ensures that the pulse duration is larger than vibrational decoherence time
of the stimulated Raman signal to eliminate any artifacts in the Raman signals. Also, the narrow
bandwidth of the picosecond pump pulse ensures that there is limited broadening of the natural
linewidth of the Raman peak which arises from dephasing lifetime of the vibration.66 Therefore,
the combination of the picosecond pump pulses and the broadband two-photon absorption tech-
nique improved the ability to resolve narrow Raman bands.
The picosecond pump pulses were generated using second harmonic spectral compression and
spectrally filtered using a 4f filter as demonstrated by Pontecorvo et al.67 The wavelength pump
pulse is specifically chosen in order to produce the desired pump wavelength after the second har-
monic generation occurs. The second harmonic generation takes place in a long β -barium borate
(BBO) crystal to produce a stretched pulse at twice the incident frequency. The length of the BBO
and the index of refraction of the second harmonic pulse leads to an asymmetric pulse shape that
can lead to artifacts in the stimulated Raman signals. The use of a 4f spectral filter is used to pro-
duce narrow bandwidth Gaussian-shaped pulses.65–67
2.2.2 Detection Methods
The detection methods for the broadband two-photon absorption measurements varies between the
experiments with the picosecond and femtosecond pump pulses. Different detection methods were
tested to increase and test the resolution of the broadband two-photon absorption measurements.
The femtosecond pump pulse experiments used a 300 lines/mm transmission grating and a 256-
pixel silicon photodiode array (Hamamatsu, S3901-256Q) for the white light to be dispersed. This
setup was limited by the amount of white light that could be dispersed across the limited number of
pixels. In order to increase the resolution of the broadband two-photon absorption, the use of a 1/8
m imaging spectrograph and a linear charge-coupled device (CCD) (Hamamatsu, S11156-2048)
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detector with 2068 pixels was used. The spectrograph has multiple entrance slits and gratings
to achieve the desired resolution and is described in further detail in the dissertation of Timothy
Quincy and chapter 4 of this thesis.66
2.3 Polarization Gated Frequency Resolved Optical Gating (PG-FROG)
The complete characterization of an ultrafast laser pulse was obtained from a PG-FROG measure-
ment.63,64 The PG-FROG setup is shown in the schematic diagram in Figure 2.1. The fundamental
output of the Ti:Sapphire laser is split into two beams, the pump and probe, and overlapped within
a fused silica medium by the use of a delay stage. The polarization of the pump beam, which is
Figure 2.1: Schematic diagram of PG-FROG setup
not collected or dispersed onto the detector, is rotated by 45 degrees using a half-wave plate. Both
the pump and probe beams are focused to a line using a cylindrical lens with a focal distance of
75 mm to encode the temporal information. The line focus of both the pump and probe means
that spatially when the two beams are crossed at a small angle the overlap encodes the temporal
domain in the spatial beam profile. The fused silica substrate is placed within the overlapping foci
of the pump and probe beams. The probe beam is then passed onto a Glan-Thompson polarizer set
perpendicular to the probe polarization. This polarizer blocks almost all of the incident light from
reaching the detector which is a 2-D pixel array CCD camera.
The PG-FROG measurement is a powerfully simple technique that can measure both time and
frequency domains of an ultrafast laser pulse in a single-shot. The PG-FROG technique works by
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using the pump beam to induce the optical Kerr effect to rotate the polarization and to gate the
interaction between pump and the probe pulse. The measured signal arises from the electric fields
that have had their polarization shifted by the optical Kerr effect and the interaction with the pump
when overlapped within the fused silica medium. Therefore the polarizations of the electric fields
that have been rotated due to the optical Kerr effect are able to pass through the perpedicular polar-
izer and be dispersed onto the CCD camera. Therefore allowing for the measurement of the time
and frequency domains of ultrafast laser pulses. The single-shot nature of the FROG techniques
make it a powerful diagnostic tool for ultrafast laser research that can be used to measure the group
velocity dispersion of ultrafast laser pulses without the need for signal processing.
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Chapter 3
Measurement of Broadband Two-Photon Absorption Spectra
and Accurate Absolute Cross-sections of Coumarin 153
3.1 Introduction
Two-photon excitation plays an essential role in many applications, including two-photon fluo-
rescence imaging,3–8,13 photodynamic therapy (PDT),14–16,18–20 and 3D data storage.28 Although
demonstrated almost sixty years ago, non-linear absorption has many unique properties that make
it an important part of many applications, even today.68 A characteristic property of two-photon
absorption is that it requires a high-intensity light source on the order of gigawatts per square cen-
timeters (109 Wcm2 ) in order to achieve two-photon absorption. Another benefit in the applications
of fluorescence microscopy is that the high intensities eliminates the out of focus absorption where
the intensity is not large enough to induce two photon absorption. This leads to a highly controlled
excitation volume.8 Lastly, 2PA requires lower energy photons for excitation because it is the com-
bined total energy of the two photons being absorbed. Therefore, near-IR photons can be used in
many applications which can better penetrate highly scattering tissues and can replace potentially
harmful visible or even UV photons.3,15
The useful properties of two-photon absorption and the many applications that use it have in-
spired a great deal of work in the development of novel two-photon chromophores with large 2PA
cross-sections for use in these applications. The development of new two-photon chromophores is
limited by the single wavelength techniques available to measure the 2PA spectra and the signifi-
cant uncertainty in the absolute 2PA cross-sections. The problematic nature of measuring the 2PA
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spectra and absolute 2PA cross-sections is directly related to the considerable uncertainty associ-
ated with knowing the full 3-D intensity profile of a laser pulse. Therefore, since all techniques
to measure the absolute 2PA cross-section require the use of intense laser pulses, and therefore all
carry significant experimental uncertainties.
The most commonly implemented technique is the z-scan in which the sample is translated
through a focused laser along the z-axis. Therefore, the transmitted laser intensity is directly mea-
sured at each z-axis position to measure the attenuation from two-photon absorption.49,69 There
are multiple configurations of the z-scan technique, including the open and closed aperture. The
open-aperture case can be used to measure two-photon absorption, and the closed-aperture con-
figuration measures the non-linear refractive index.70 The other commonly used technique is the
two-photon excitation fluorescence (2PEF) method. This technique does not directly measure the
absorption. However, it measures the induced fluorescence signal from two-photon absorption.
The measurement of the 2PA cross-section from the fluorescence signal was shown by Hermann
et al.71 where the absolute 2PA cross-section can be calculated for a system if the fluorescence
quantum yield and the laser flux distribution are well known and by measuring the resulting fluo-
rescence intensity.
The major drawback of both the monochromatic z-scan and 2PEF techniques is obtaining the
broadband 2PA spectrum requires tuning across many different wavelengths. A z-scan technique
that can measure the continuous 2PA spectrum using high-intensity broadband continuum has been
demonstrated to eliminate this disadvantage.52,72,73 Another technique that can measure the broad-
band 2PA spectrum without the tuning of the laser wavelengths is the broadband 2PA technique.
The broadband 2PA technique combines a femtosecond white light continuum probe and an in-
tense pump beam to measure the 2PA spectra by directly measuring the attenuation of the probe
photons.58,59 The broadband continuum probe allows for the measurement of the continuous 2PA
spectrum and eliminates the necessity for single-point measurements commonly used in z-scan
and two-photon fluorescence methods. The broadband two-photon absorption technique is closely
related to pump-probe spectroscopy, except that the pump wavelength is non-resonant with the
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electronic transitions of the molecule. The pump wavelength is chosen in consideration of the
combined total energy of the pump and probe that gives the desired region of the 2PA spectrum.
The primary source of uncertainty for the measurement of the absolute 2PA cross-section is
knowing the full three-dimensional intensity profile of an ultrafast laser pulse. Any irregularity
in the shape or hot spots in the ultrafast laser pulses can lead to systematic errors and large un-
certainties. In addition, to measure the two-photon absorption spectrum using the z-scan or 2PEF
techniques the tuning of the laser wavelength is required. This tuning of the laser can also introduce
subtle variations from wavelength to wavelength in the intensity profiles leading to additional error
when measuring the absolute 2PA cross-sections across a series of laser wavelengths. Regardless
of the technique, all 2PA measurements are susceptible to systematic errors from the intensity pro-
files of the laser pulses involved. There has been considerable work to accurately measure series
of 2PA reference standards for multiple classes of molecules to help reduce the overall uncertainty
in measurements of the absolute 2PA cross-sections.54–56,74
In this work, we take advantage of stimulated Raman scattering signals as an internal standard
for the measurement of absolute 2PA cross-sections. Both stimulated Raman scattering (SRS) and
2PA are nonlinear processes that can be measured simultaneously using the broadband 2PA tech-
nique. The simultaneous measurement was demonstrated by Isobe et al. using both 2PA and SRS
signals for nonlinear microscopy.75 Using the broadband 2PA technique, we use the simultane-
ous measurement of both 2PA and the SRS as an internal standard to calculate accurate absolute
cross-sections independent of overlap as well as measuring broadband continuous 2PA spectra.
3.2 Methods
The broadband 2PA method is a pump-probe measurement that has been described previously.58,59,76
Two separate laser pulses are overlapped both spatially and temporally within the sample. The
pump pulse in the broadband 2PA measurement is chosen to be non-resonant with any allowed
electronic transitions in the sample. The weak probe pulse is a broadband white-light continuum
(WLC) covering the visible region of the spectrum, as shown in Figure 3.1. Using the WLC in
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broadband 2PA spectroscopy serves the same purpose as in traditional pump-probe spectroscopy,
which allows for the measurement of the broad spectral dependence in a single measurement.
Also, shown in Figure 3.1 is stimulated Raman scattering (SRS) which has the same experimental
requirements of a non-resonant pump and WLC probe as the broadband 2PA measurement, and
therefore both signals can be measured simultaneously.
Figure 3.1: Energy level diagram showing degenerate and non-degenerate two-photon absorption
of the solute and stimulated Raman scattering processes in the solvent.
The region of the 2PA spectrum that is measured is defined by the combined total energy of the
pump and broadband probe photons. The location of the SRS is determined by the pump wave-
length and the frequency of the observed Raman bands. The broadband 2PA technique measures
the direct attenuation of the probe pulse in the presence of the pump; therefore, directly measuring
the 2PA and SRS signals across all combinations of pump and probe photons. Due to the group
velocity delay (GVD), the different wavelengths of the WLC arrive at the sample at varying times.
Therefore, the pump-probe delay must be scanned to ensure that all wavelengths of the WLC in-
teract with the pump pulse within the sample. The direct 2PA and SRS spectrum of the sample can
be measured across a broad range of total energy using the broadband 2PA method.
The absolute 2PA cross-section describes the sample’s ability to attenuate light via a 2PA pro-
cess and is directly related to measuring the 2PA spectrum of the sample. The absolute two-photon
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cross-section as a function of energy is proportional to the time-integrated absorption signal at each
probe wavelength, where Epump is the pump energy per pulse in (J), l the path length of the sample,
ωpump the angular frequency of the pump photons in (radians/s), Nsolute the number density of the











Knowing the overlap between the pump and probe is critical for the calculation of the absolute
2PA cross-section from the pump-probe signal. The estimation of the pump-probe overlap is the
most significant source of uncertainty in the broadband 2PA measurement. The overlap factor (GF)
is used to account for the overlap between the pump and probe and is estimated by the relative spot
size of the pump and probe pulses.
GF =
1√








By measuring the beam diameters from both pump and probe in the x and y dimension, ωx or
ωy, the overlap can be estimated. The overlap factor assumes that the pump and probe beams are
collinearly propagating and that the pulses are collimated over a short distance and represented by
a 2D Gaussian-shaped intensity profile. In Figure 3.2, the overlap of the pump and probe is shown
where the darkened region represents the possible area where simultaneous absorption of the pump
and probe can occur. The broadband 2PA technique used in this work has the two beams crossed at
a small angle as diagrammed in Figure 3.2. Maximizing the overlap between the pump and probe
beams during the experiments gives the largest absorption signal and most accurately matches the
estimations made in the overlap factor.
Stimulated Raman scattering and broadband 2PA measurements both use a pump and broad-
band probe overlapped spatially and temporally. The simultaneous measurement of both 2PA and
SRS will ensure that both signals are dependent on the same experimental conditions, such as the
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Figure 3.2: The crossing angle and overlap between the pump and probe pulses are shown along
with cross-sections of the overlap along the propagation axis. The darkened purple areas where the
pump and probe pulses are overlapped represent the regions where 2PA is occurring
overlap of the pump and probe. The SRS signals come predominately from the solvent due to
the higher number density of solvent molecules compared to the solute. The differential Raman















Where Ω is the solid angle, ωpump is the angular frequency of the pump photons in (rads/s), and
ωprobe is the angular frequency of the scattered photons. The solid angle Ω is the angle at which the
photon is reflected after undergoing Raman scattering. In stimulated Raman scattering, there is no
angular dependence of the scattering event because the SRS signal is phase-matched to the probe
pulse.77 Therefore, Equation 3.3 for the calculation of differential Raman scattering cross-sections
can account for the angular dependence and can be directly compared to cross-sections measured
using spontaneous Raman scattering.
The 2PA and differential Raman scattering cross-sections share the same dependence of the
overlap factor (GF) based on the experimental overlap of the pump and probe pulses. By combining
Equations 3.1 and 3.3, the absolute 2PA cross-section can be calculated without the overlap factor
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The measurement of the stimulated Raman scattering can, therefore, act as an internal standard
for the experimental uncertainty introduced from the overlap between the pump and probe pulse.
If the differential Raman scattering cross-section is known for the specific vibration, the absolute
2PA cross-section can then be evaluated without the large uncertainty in the overlap. Therefore,
a significant source of uncertainty in the measurement of the absolute 2PA cross-section can be
removed.
3.3 Experimental Details
The broadband 2PA spectrum is obtained using the pump-probe method as described in earlier pub-
lications, which uses a pump and probe pulse overlapped both spatially and temporally within the
sample.58,76,78 The samples consisted of 13 mM solutions of coumarin 153 (Sigma 99%) dissolved
in methanol, DMSO, and toluene. Both the pump and probe are derived from the fundamental 800
nm output of a commercially available 1 kHz regeneratively amplified Ti:Sapphire laser (Coherent,
Legend Elite) using optical parametric amplification. The pump pulses were centered around 1150
nm and a pulse duration of 100 fs. The broadband probe pulses were generated by focusing 1200
nm light from a second OPA into a circularly translating 1 mm CaF2 substrate to initiate continuum
generation. The femtosecond white-light continuum (WLC) covered a range of 2.48 eV (500 nm)
to 1.24eV (1000 nm) and was collimated and then focused using a pair of aluminum parabolic
mirrors to a diameter of approximately 100 µm at the sample. The probe light is then dispersed
using a transmission grating onto a 256-element photodiode array for broadband detection.
The pump beam is chopped at a frequency of 500 Hz blocking every other pulse for active
background subtraction. A convex focusing lens in the pump beam is mounted on a translational
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stage to adjust the overlap of the pump and probe focuses within the 1 cm sample cuvette. The
pump beam is then crossed at a small angle less than 10 degrees between the WLC in the horizontal
plane of the laser table. Attenuation of the pump pulse energy is achieved using a variable neutral
density filter wheel between a range of 1 to 4 µJ per pulse to eliminate any transient absorption
signal due to degenerate non-linear excitation from the pump beam.
A small delay range between the pump and probe is scanned to ensure that the temporally
chirped probe pulse is overlapped with the pump pulse. The time-dependent absorption signal is
measured by scanning the delay (τ) between the pump and probe pulses to measure both the 2PA
and SRS signals simultaneously. Three scans of the time delay between the pump and probe and
averaging over 2000 laser shots per time point to average the 2PA and SRS signals were used.
Separate stimulated Raman scattering measurements using a picosecond narrow bandwidth
pump pulse were performed to better resolve the Raman scattering signals for comparison. The
narrow bandwidth picosecond pump pulses were generated using spectral compression by second
harmonic generation (SC-SHG) in a long β -barium borate (BBO) crystal and a 4f spectral filter to
produce narrow bandwidth picosecond pump pulses as demonstrated by Pontecorvo et al. for SRS
measurements.67
3.4 Results
The two-photon absorption spectra of coumarin 153 were measured using the broadband 2PA
technique in multiple solvents with different polarity. The broadband 2PA method tracks both the
pump-probe delay and the frequency dependence of the 2PA signal and is displayed as a 2-D plot
of the ∆mOD signal as shown in Figure 3.3 for coumarin 153 in methanol. The ∆mOD signal is
the same as pump-probe experiments where the change in absorption is the difference when the
pump and probe are incident upon the sample, and when only the probe is incident. The broadband
2PA method, therefore, measures the attenuation of the white light probe continuum directly as a
function of pump-probe delay(τ). The overlap of the pump and probe has multiple contributing
signals from stimulated Raman scattering (SRS), cross-phase modulation (XPM), and the intended
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Figure 3.3: The contour plot representing the ∆mOD signal,as a function of probe wavelength and
pump-probe delay (τ). The dashed lines represent the limits of integration over the pump-probe
delay (τ) to obtain the time-independent 2PA spectrum. The two-photon absorption spectrum is
shown as a function of the integration range.
two-photon absorption which are all observed in Figure 3.3. The two-photon absorption only oc-
curs when the pump and probe are overlapped in time, and the combined energy of a pump and
probe photon corresponds to an allowed 2PA transition in the sample. The observed signal in 3.3
takes a curved shape due to the group velocity dispersion(GVD) of the white light continuum. The
wavelength-dependent index of refraction leads to the various wavelengths arriving at the sample
at different times. Time zero (τ=0) at each wavelength is defined as the maximum overlap be-
tween the pump and probe pulses and is indicated in Figure 3.3 as the black trace. To recover the
time-independent 2PA and SRS spectra, we integrate over the pump-probe delay (τ). The integra-
tion over the delay(τ) eliminates the contribution from dispersive features, like XPM of the WLC
probe, and retains any absorptive or emissive features.79,80 The integration ranges are varied to
ensure complete integration of the 2PA signal as shown by the dashed red traces. The lower panel
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of Figure 3.3 shows the dependence of the 2PA and SRS spectrum on the integration range.
The pump wavelength and range of the white light continuum were explicitly chosen to satisfy
both the requirement for the total energy of the 2PA and the known Raman shifts of solvent to
measure both simultaneously. The total energy of the combined pump and probe photons must be
equal to an allowed 2PA transition in c153. In addition, the white light continuum must be close
enough in frequency to the pump for the known Raman shift frequencies of the solvents to appear
in the broadband 2PA measurement. Therefore, the SRS peaks shown in Figure 3.4 appear within
the probe range at approximately 870 nm due to the known Raman shift frequencies for the C-H
stretching of methanol. The observed stimulated Raman scattered photons are higher in energy
compared to pump and therefore are anti-Stokes Raman scattering bands. The anti-Stokes Raman
signals are an absorptive feature, which are positive in the calculation of the ∆A signals as shown
in Figure 3.3. In the measurements of the coumarin (c153) solutions, both contributions from the
2PA of the solute and SRS of the solvents were observed. The 2PA shown in Figure 3.4 only has
appreciable signal in the measurement of the c153 solutions and negligible signal for the measure-
ments of pure solvents in the probe range from 500-800 nm. Two-photon absorption only occurs in
the range where the total energy between the pump and probe corresponds to an allowed transition
in a molecule.
The contributions from SRS, which are present in both measurements of the pure solvent and
c153 solutions are shown in the blue traces of Figure 3.4. The resolution of SRS scattering signals
in the broadband 2PA technique is limited by the use of a 100 fs pump pulse with approximately
150 cm−1 bandwidth; limiting our ability to resolve the individual Raman scattering bands. A
separate SRS measurement of methanol was performed with a spectrally filtered picosecond pulse
with 10 cm−1 bandwidth to resolve the individual Raman scattering peaks. The agreement be-
tween the SRS measurements using different bandwidth pump pulses shows that the signals from
the broadband 2PA measurements are the C-H and O-H stretching Raman bands of methanol.
A series of measurements with varying solvents were taken using the broadband 2PA method
and the same experimental conditions described previously. The 2PA spectra of coumarin 153 in
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Figure 3.4: The normalized 2PA spectrum for c153 in methanol and the solvent only 2PA spec-
trum of methanol are plotted versus probe wavelength. The blue region corresponds to signals
of SRS, which comes predominately from the solvent, and the red region corresponds to the 2PA
of c153.The dark blue trace is a separate SRS measurement of methanol using narrow-bandwidth
picosecond pump pulses to resolve the individual Raman scattering peaks.
methanol, DMSO, and toluene were collected in back to back to ensure minimal variation in the ex-
perimental conditions between each sample. The two-photon absorption spectra for each solution,
the solvent only, and the solvent-subtracted spectra are shown in Figure 3.5. The solvent-only mea-
surements for methanol, DMSO, and toluene are represented by the blue traces and only contain
stimulated Raman scattering signals. The 2PA spectrum of each sample solution has contributions
from both 2PA and SRS of the high-frequency C-H stretching modes of the solvent, as shown in
the appendix (Figure 3.8). The contribution from the solvent and the SRS can be subtracted to
obtain the 2PA spectrum of the different c153 solutions.
The 1PA and the solvent subtracted 2PA spectra of c153 in the different solvents are shown in
Figure 3.6. The molecular symmetry determines both the one and two-photon allowed electronic
transitions. Since coumarin 153 is a low symmetry molecule with C1 point group, the 1PA and
2PA spectra of c153 in all solvents are similar showing that either a 1PA or 2PA process will reach
the same electronic state. The broadband 2PA technique can reproduce the solvent shifting of the
absorption bands seen in the 1PA spectra for each solution due to the different solvent interactions.
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Figure 3.5: The two-photon absorption spectra of coumarin 153 in methanol, DMSO, and toluene
are plotted as a function of (ps*mOD). The solvent only SRS spectra and the solvent subtracted
2PA spectra for each solution are shown.
Also, the different solvent interactions between the polar and non-polar solvents are apparent in
the absorption band of the c153 solutions and are identical in both the 1PA and 2PA spectra. The
ability for the broadband 2PA technique to not only accurately measure the subtle shifting due to
solvation, but also the different spectral shapes based upon the different solvent polarity demon-
strates why the broadband 2PA technique is a powerful spectroscopic tool.
The absolute 2PA cross-sections in Figure 3.7 are calculated using Equation 3.1. The overlap
was estimated by measuring the individual beam diameters at the focus and calculating the overlap
factor (GF), as shown in Equation 3.2. The absolute 2PA cross-sections based on the estimated
overlap between the pump and probe are shown in Figure 3.7 as the blue traces for the series of
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Figure 3.6: The one and two-photon absorption spectra for c153 in methanol, DMSO, and toluene.
solvents. To remove the dependence of the 2PA cross-section on the overlap between the pump
and probe, the differential Raman scattering cross-sections were evaluated from the solvent SRS
measurements. The absolute 2PA cross-section is corrected to compensate for the uncertainty in
the spatial overlap by comparing the measured differential Raman scattering cross-section to a ref-
erence value from the literature. Table 1 contains the measured values for the differential Raman
scattering cross-sections from our broadband 2PA measurements, as well as the value used as a ref-
erence standard. The differential Raman scattering cross-sections were calculated from our SRS
measurements for three different solvents methanol, DMSO and toluene. A frequency-independent
differential cross-section can then be calculated to compare Raman cross-sections measured at dif-
ferent Raman excitation wavelengths. The differential cross-section scales as ≈ 1
ωpuω3s
and can,
therefore, be calculated independent of the Raman pump wavelength to allow for direct compar-
ison between our results at 1158 nm and the value published in the literature for 488 nm Raman
excitation.
We use the ratio between the differential Raman cross-sections measured using the broadband
2PA technique and a published value in the literature as shown in the work by Houk et al.27 The
ratio is called the correction factor as it is used to scale the absolute 2PA cross-sections to correct
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Table 3.1: Raman cross-sections from broadband two-photon absorption measurements of
coumarin 153














Methanol (c) 488 nm 5.7 / 6.9(d) 52.0 / 63.0(d) -
Methanol 1158 nm 0.34 45 1.4
DMSO 1158 nm 0.31 43 - (e)
Toluene 1158 nm 0.66 89 - (de)
a ∗10−30 ( cm2sr∗molecule )
b ∗10−48 ( cm6sr∗molecule )
c Griffiths et al.81
d Differential Raman cross-section adjusted for contribution of O-H band
e From Methanol measurement assumes same overlap conditions between measurements
for systematic error in estimating the overlap of the pump and probe. In the methanol measure-
ment, a reported literature value is used as the reference for the correction ratio.81 In the absence of
a reported literature value for a specific Raman scattering cross-section, the measurements of the
different solvents were taken back to back to ensure minimal differences in the experimental condi-
tions. Therefore, the correction factor calculated from the measured differential Raman scattering
cross-sections for methanol can be directly applied to the DMSO and toluene measurements. In the
case of methanol, we calculated the differential Raman cross-section for our comparison by taking
the sum of the reported cross-sections for the three Raman bands observed in Figure 3.4 because
we could not resolve the individual bands in the measurements using a femtosecond pump pulse.81
The observed Raman bands correspond to the C-H and O-H stretching modes of the methanol. The
differential Raman cross-section for methanol was adjusted to account for the O-H stretching band
by taking the ratio of the area under each Raman band, as shown in the appendix (Figure 3.9). The
correction factor can be calculated by taking the ratio of the frequency-independent Raman cross-
sections from our results and the value from the literature, and then directly applied by multiplying
1.4 to solvent subtracted 2PA c153 solution spectra, resulting in the green traces in Figure 3.7.
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Figure 3.7: The two-photon absorption spectra of c153 in methanol, DMSO, and toluene measured
using the broadband 2PA technique. The absolute 2PA cross-sections for c153 are shown with the
correction from the internal standard of SRS and without.The two-photon absorption cross-sections
measured by De Reguardati et al.54 are shown for comparison.
Previously reported values for the absolute 2PA cross-sections for c153 in DMSO and toluene
by DeReguardatti et al.54 using a two-photon fluorescence measurement agree with the absolute
2PA cross-sections measured using the broadband 2PA technique. Also, the spectral shape of the
2PA band for both solvents are reproduced using the broadband 2PA style measurement.
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3.5 Discussion
The broadband 2PA technique measures continuous 2PA spectra and accurate absolute 2PA cross-
sections. The pump-probe derived nature of the technique makes it easily implemented on any
ultrafast laser system. Often, the intensity profiles of ultrafast laser pulses complicate the mea-
surement of the absolute 2PA cross-sections leading to large uncertainties. The broadband 2PA
method, as demonstrated, takes advantage of the internal standard of SRS of the solvent to correct
for systematic errors in the measurement of the absolute 2PA cross-section without the need for
additional reference standards.
The implementation of the broadband white light continuum measures the broad spectral de-
pendence of the 2PA signal in a single measurement without tuning the wavelength of the laser.
It also eliminates changes to the experimental setup and reduces the introduction of systematic
errors such as the change in the intensity profile of the laser pulses as they are tuned. The ability
to capture the entire 2PA spectrum in a single measurement reduces the experimental time needed.
Additionally, the white light continuum allows for the simultaneous measurement of the differen-
tial Raman scattering cross-sections for use as an internal standard.
The absolute 2PA cross-sections and differential Raman scattering cross-sections measured in
this work agree well with the reported values in the literature even when considering the assump-
tions made in estimating the overlap between the two laser pulses. The overlap factor (GF) in
equation 1 assumes that two collimated collinear laser pulses are overlapping over a small path
length. In the measurements presented in this work, the pump and probe pulses crossed at a small
angle and overlapped within a 1 cm cuvette. The large path length helped to reduce the effect from
XPM from the windows of the cuvette, and the integration over the temporal domain takes into
account the GVD introduced by the large path length.
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3.6 Conclusions
Utilization of the stimulated Raman scattering as an internal standard within broadband two-photon
absorption technique can improve upon an already powerful spectroscopic technique by increasing
the accuracy of the absolute two-photon absorption cross-sections. The broadband two-photon ab-
sorption technique demonstrated above was able to resolve the shift due to polar and non-polar
solvents, as well as the small changes in the absorption band derived from the solvent inter-
actions as seen in the measurements of coumarin 153 in toluene. The need for materials that
undergo non-linear transitions readily are limited by the current two-photon absorption spectro-
scopic techniques; however, this pump-probe derived method combines the accurate cross-section
measurements usually restricted to single wavelength two-photon absorption cross-section mea-
surements with a high-density of wavelength measurement allowing for more accurate non-linear
spectroscopy. With improved methods of non-linear spectroscopy, the study and eventual synthesis
of materials for the applications in microscopy and photo-therapy will continue to advance.
3.7 Appendix
The stimulated Raman spectra of each of the solvents were measured using both a femtosecond
and picosend pump pulse. The bandwidth limited femtosecond measurement is shown as the blue
traces, and the red traces correspond to the spectrally filtered picosecond pump pulse measurements
shown in Figure 3.8. The spectrally filtered picosecond pump measurement clearly demonstrates
that the poorly resolved femtosecond measurements convolute the high-frequency Raman bands
of each solvent.
The differential Raman cross-section for methanol was measured using a femtosecond pump
pulse, and the individual Raman bands were not resolved due to the large bandwidth of the fem-
tosecond pump pulse. Therefore, to compare the experimentally measured differential Raman
cross-section for methanol, which includes the contribution from all three observed Raman bands,
the sum of the reported cross-sections was taken. The differential Raman cross-section for the two
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Figure 3.8: The high-frequency Raman bands from methanol, DMSO,and toluene measured with
both femtosecond and picosecond pump pulse
C-H stretching vibrations was published by Griffiths et al.; however, the cross-section for the weak
O-H stretch was not measured.81 Therefore to accurately reflect our measurement of the differen-
tial Raman cross-section the integrated area beneath the individual Raman bands were compared,
as shown in Figure 3.8. By taking the ratio of the integrated areas the differential Raman cross-
sections reported by Griffiths et al.81can be corrected to include the contribution of O-H band.
This was to ensure a good comparison between femtosecond measurements and the literature. The
values of the summed differential cross-sections and the correction for the O-H band are shown in
Table 3.1.
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Figure 3.9: Integrated areas of the high-frequency Raman bands of methanol to correct for contri-
butions from the O-H band to the differential Raman cross-section.
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Chapter 4
Broadband Two-Photon Absorption Spectroscopy of Liquid
Benzene: Resolving Vibronic Structure in the Electronically
Forbidden B2u← A1g Transition
4.1 Introduction
Two-photon absorption is often acknowledged for the different electronic selection rules which
can allow access to one-photon forbidden electronic states. The allowed electronic transitions in
molecules are described by the molecular symmetry and the point group of the molecule. In the
specific case of centrosymmetric molecules, two-photon absorption can lead to excited electronic
states that are one-photon forbidden by the parity selection rule. Two-photon absorption in cen-
trosymmetric molecules allows transitions from either gerade to gerade state or an ungerade to
ungerade state that is formally forbidden for one-photon absorption.31,82 Therefore, 2PA processes
in centrosymmetric molecules allow access to additional electronic states unavailable to 1PA ab-
sorption, making 2PA an attractive method for initiating chemical reactions. The products of pho-
tochemical reactions are known to be affected by the wavelength of excitation and the excited state
dynamics, therefore the access to different electronic state through two-photon allowed transitions
can be used to control photochemical reactions.83 For this reason, studies have been carried out
on a variety of molecules looking to use two-photon absorption to control the photochemical reac-
tions.27,36,43 In addition, many other applications also use the properties of two-photon absorption
as mentioned previously in chapter 1. Therefore, novel 2PA chromophores and detailed under-
standing of the two-photon absorption spectroscopy are needed.
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The stimulated Raman scattering was shown to be a valuable internal standard that can be
measured simultaneously with the two-photon absorption signal to correct for experimental un-
certainty. However, the measurements made with femtosecond pump pulses poorly resolve the
stimulated Raman scattering signals due to the bandwidth of the femtosecond pump pulse. The
stimulated Raman scattering signal inherently has bandwidth based upon the dephasing lifetime
of the vibrational coherence, and when the bandwidth of the pump pulse exceeds the natural line
width, broadening of the vibrational signal occurs.84 Specific techniques that have been developed,
such as femtosecond stimulated Raman Scattering, have been used to study the ultrafast vibrational
evolution of molecular systems.65,77 There has been work in the development of narrow-bandwidth
picosecond pulses to be used in stimulated Raman scattering measurements to eliminate artificial
signals and broadening.67,85–87
In order to test the resolution of the broadband two-photon absorption technique, benzene was
chosen as a proof of principle system due to its well known one-photon absorption and two-photon
absorption spectroscopy. The one-photon absorption and two-photon absorption spectroscopy of
benzene have been well studied by many researchers in the past 70 years. Benzene belongs to the
point group D6h and is a highly symmetric molecule making it a spectroscopically interesting for
both one-photon and two-photon absorption spectroscopy. The one-photon absorption spectrum of
benzene was measured in the near-ultraviolet region from 200-280 nm by Sponer et al.88,89 The
weak absorption in this region and the vibronic structure are due to a forbidden electronic transi-
tion B2u← A1g that requires coupling of vibrational motion of a specific symmetry in order for the
absorption to become weakly allowed. Sponer et al. assigned the multiple vibronic progressions
in the one-photon absorption spectrum for this region. The spacing in the vibronic progressions is
determined by the vibrations that are coupled to weakly allow the forbidden electronic transition,
and therefore different symmetry vibrations are responsible for the absorption in the two-photon
absorption spectrum of benzene. This made benzene spectroscopically interesting target molecule
for both 1PA and 2PA studies.
The two-photon absorption spectroscopy of the B2u ← A1g of benzene was studied by many
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researchers in both the gas and crystal phase looking to measure the different symmetry vibrations
that lead to the vibronic progressions in the two-photon absorption spectrum. The two-photon
absorption spectroscopy was measured with high resolution by Hochstrasser et al. and Wunsch
et al. in the mid-1970s, where they were able to assign the transitions in the 2PA spectrum of
benzene.90–95 The condensed phase two-photon absorption spectrum of benzene of the B2u← A1g
transition was also reported by Rice et al.96 The well known vibronic structure, and progressions
make it an ideal molecule to test the ability of the broadband 2PA technique to resolve the narrow
vibronic peaks in benzene, but also to resolve the different symmetry vibrations that contribute to
the observed vibronic progressions in the two-photon absorption spectrum of benzene.
In this chapter, the broadband two-photon absorption technique is used to study the benzene
2PA spectrum in the near-ultraviolet region. The 2PA of benzene is presented here both using
a femtosecond and picosecond pump pulse. The use of narrow-bandwidth picosecond pump
pulses eliminates the broadening of the stimulated Raman Scattering signals and shows the nat-
ural linewidth of the two-photon absorption signal in the condensed phase of benzene. In addition,
the polarization dependence of both the two-photon absorption and stimulated Raman scattering
are shown.
4.2 Experimental Details
The two-photon absorption spectrum of liquid benzene (Sigma 99%) was measured using the
pump-probe derived broadband 2PA technique. As described in chapter 2, the technique uses
two different ultrafast laser pulses overlapped in time and space within the sample. The measure-
ments presented here were taken using a one-centimeter quartz cuvette. The first pulse, denoted
as the pump pulse, is tuned to a single wavelength and required to be non-resonant with any elec-
tronic transitions in the sample. The probe pulse is a broadband white light continuum generated
by focusing infrared 1200 nm output from an optical parametric amplifier (OPA) or fundamental
800 nm from a commercial laser system into a rotating CaF2 substrate to generate continuum with
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a range 350 - 1000 nm. The region of the two-photon absorption spectrum that is measured is fixed
by the combined total energy of the pump and probe photons.
The pump and probe pulses are tightly collimated and crossed at a small angle, usually less than
ten degrees within the sample, in order to ensure the maximum interaction between the two pulses.
The generation of the broadband continuum introduces group velocity dispersion (GVD) across
the white light continuum. The separation of the probe photons in time requires the use of opti-
cal delay stages and scanning of the pump-probe delay in order to capture all of the two-photon
absorption and stimulated Raman scattering signals. The scanning of the time delay and time-
dependent dispersive signals like cross-phase modulation (XPM) complicate the broadband 2PA
technique. The XPM signals overlap with the 2PA and SRS signals and make difficult to directly
observe the two-photon absorption signal. The contribution from dispersive XPM is eliminated
from the final two-photon absorption spectrum by the integrating over the pump-probe delay.79
The picosecond pump pulse is generated using second harmonic spectral compression of the
fundamental 800 nm pulses. The fundamental pulse is passed through a 1 cm β -barium borate
(BBO) crystal that produces a stretched pulse in time at twice the incident frequency.67 The
spectrally compressed pulse has an asymmetric intensity profile in the temporal domain due to
the second harmonic pulse propagating slower compared to the incident beam through the BBO.
Therefore the asymmetric temporal pulse shape gradually increases over time and is followed by a
steep drop off that lead to artificial signals in the stimulated Raman scattering signals. In order to
eliminate the asymmetric temporal profile, a 4f spectral filter was used to remove the asymmetric
intensity profile and reduce the overall bandwidth of the picosecond pump pulse.67
Two detection schemes were used in measuring the two-photon absorption spectrum and stim-
ulated Raman scattering of neat benzene. The measurements using the femtosecond pump pulses
were recorded by dispersing the white light continuum onto a 256-pixel silicon photodiode array
(PDA). The continuum is dispersed using a 300 (lines/mm) transmission grating. The picosec-
ond pump pulse measurements used a 1/8 m spectrograph with a 2068 pixel linear charge-coupled
device (CCD) from Hamamastu. The white light is passed through a 150 µm slit and onto a 600
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(lines/mm) reflection grating and dispersed onto the CCD detector. The combination of the narrow-
bandwidth picosecond pump and the spectrograph allows for better resolution of the 2PA and SRS
signals. The increased resolution is due to a combination of reducing the bandwidth of the pump
pulse and increasing the dispersion of the probe photons using the spectrograph.
4.3 Results and Discussion
The broadband two-photon absorption spectrum of liquid benzene was measured using both a 400
nm pump pulse and a broadband white light continuum (450-750 nm) probe. The 2-D contour
plots in Figure 4.1 shows the transient absorption signal (∆mOD) signal as a function of the probe
wavelength and the delay (τ) between the pump and probe pulses. The dashed trace in Figure 4.1,
shows “time zero” (t0) where the pump and the probe are at the maximum of their overlap in time.
The 2PA spectrum of benzene is obtained by integrating over the pump-probe delay around t0.
Integrating only over the region around time-zero, allows for minimal inclusion of the signal fluc-
tuations before and after t0. The measurement of the two-photon absorption spectrum of benzene
was measured using the broadband 2PA technique first with a fs 400 nm pump pulse and secondly
with a ps 400 nm pump pulse. In Figure 4.1 the 2-D contour plots are shown for both the fs and
ps pump pulses. A 1-D cut at 690 nm shows the temporal domain for comparison between the ps
and fs 400 nm pump pulses in Figure 4.1. The largest difference between the two contour plots in
Figure 4.1 is the linewidth of the stimulated Raman scattering peaks at 450 nm. In the picosecond
pump case the narrow Raman band is well resolved. The femtosecond pump pulse measurement
sill has the same contributions from the stimulated Raman scattering however the resolution of the
Raman band is limited by the bandwidth of the fs pump pulse.
The time-integrated 2PA and SRS signals are shown in Figure 4.2. The vibronic structure
is evident in the 2PA spectrum for the forbidden transition B2u← A1g in benzene. The electroni-
cally forbidden transition is only allowed through vibronic coupling. The forbidden transition of
benzene has been studied in both the one-photon and two-photon absorption spectra. The spe-
41
Figure 4.1: Contour plots produced from a broadband 2PA measurement of benzene measured
with both a femtosecond and a narrow-bandwidth picosecond pump pulses with corresponding
time cuts at 690nm
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Figure 4.2: Broadband 2PA spectrum of the B2u← A1g transition in neat benzene using a fs 400nm
pump pulse
cific molecular vibrations that lead to the vibronic progressions in each spectrum were assigned
previously.88–91,96 The other signal corresponds to anti-Stokes SRS signals of the C-H stretching
modes of benzene and appears in Figure 4.2 as the large negative signal. In addition there is also
overlapping SRS and a broad 2PA signal in the region above 5.4 ev as shown in figure 4.2.
The SRS scattering can be used as an internal standard, as demonstrated in Chapter 3, to correct
for uncertainties in overlap between the pump and probe for the calculation of the absolute 2PA
cross-section. The differential Raman scattering cross-section for the 3061 cm−1 band of benzene
is proportional to the integrated area of the Raman band in the frequency domain. We calculate the
differential Raman scattering cross-section from the TA signal using equation 3.3. A frequency-
independent differential Raman scattering cross-section can be obtained using the approximate
frequency dependence ( 1
ωpuω3s
). The frequency-independent differential Raman scattering cross-
section can then be directly compared to a known value from the literature measured at a different
Raman excitation wavelength.97,98 The ratio between the measured frequency-independent differ-
ential Raman scattering cross-section and the literature value can be used as a correction factor to
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compensate for the error in the estimation of the pump-probe overlap, as demonstrated in chapter
3. The measured and reference values for Raman cross-sections used as an internal standard are
found in table 4.1.
The resolution of the SRS signal in Figure 4.2 is limited by the large bandwidth of the 75 fs
Table 4.1: Raman cross-sections for the 3061 cm−1 band of benzene measured using broadband
two-photon absorption technique














Benzene(c) 441.6 nm 68.8 404 -
Benzene (fs) 398 nm 15.1 56 7.2







c Schomacker et al.98
pump pulse. The incorporation of narrow bandwidth picosecond pump pulses reduces the Raman
excitation bandwidth, and therefore can better resolve the stimulated Raman scattering signals.67,85
The 2PA spectra of benzene measured using fs and ps 400 nm pump pulses are compared in Figure
4.3. The broadband 2PA spectrum of benzene as a function of the absolute 2PA cross-section for
the electronically forbidden 2PA transition is about 1 GM. The upper panel of Figure 4.3 shows
only the 2PA spectrum of benzene measured using the two different pump pulses, and the lower
panel shows the normalized SRS signals for each pump pulse. The use of a narrow-bandwidth
1 ps pump pulse increased the resolution of the SRS signal in the broadband 2PA measurement
when compared to the fs measurement, as shown in Figure 4.3. The 2PA signal in the upper panel
of Figure 4.3 is unchanged when measured using the narrow bandwidth picosecond pulse. The
unchanging linewidth is due to the resolution being limited by the natural linewidth of the solution
phase measurement and not the bandwidth of the pump pulse.
The picosecond pump pulse also has additional benefits to the broadband 2PA technique, such
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Figure 4.3: The broadband two-photon absorption spectrum of benzene using both a femtosecond
and picosecond pump pulse.
as reducing the contribution from cross-phase modulation (XPM) by spreading the signal over a
longer pulse duration. In addition, the longer pulse duration means that the entire chirped WLC
simultaneously interacts with the picosecond pump pulse and reduces the amount of pump-probe
delay that needs to be scanned or eliminate the need for scanning in the pump-probe delay entirely
to measure the 2PA spectrum.
The broadband 2PA technique was able to measure and resolve the forbidden electronic tran-
sition in benzene. The electronic transition between the B2u ← A1g state in benzene has been
studied, and the nature of the transitions as well as the vibrations are well understood.88,89,94–96,99
The assignments in both Figures 4.4 and 4.5 match the assignments from Sponer et al. for the
1PA spectrum and Rice et al. for the 2PA spectrum.88,96 In Figure 4.4, the 1PA and 2PA spectra
are shown as a function of transition frequency (cm−1) to show the vibrational progressions as
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Figure 4.4: The one-photon and two-photon absorption spectrum of benzene as a function of
transition frequency with the assignment of the vibronic progression
well as the location of the 0-0 band in benzene, which is a symmetry forbidden vibronic transi-
tion. The energy level diagram in Figure 4.5 shows the vibronic progressions for both the 1PA and
2PA spectra. The inducing vibration in the 1PA transition is the normal mode ν6, which has E2g
symmetry. The progression to higher energy is attributed to the ν1 normal mode with a symmetry
assignment of A1g for the 1PA spectrum. Similarly, in the 2PA transition, the inducing vibration is
the ν14 normal mode having B2u symmetry, with the progression being built upon the ν1 normal
mode in the same way as the 1PA spectrum. The broadband 2PA technique was able to resolve the
vibronic structure in the benzene 2PA spectrum with enough resolution to assign the vibrational
progressions and the 0-0 band.
Lastly, the broadband 2PA technique being a two-pulse technique allows for measurement of
the polarization dependence of both the 2PA and SRS signals. The polarization dependence of
Raman scattering is often reported as a depolarization ratio (ρ), which is defined as the ratio of the
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Figure 4.5: Energy level diagram of the vibronic progressions in the one and two-photon absorption
spectra





The depolarization ratio for a transition is dependent upon the molecular symmetry and therefore
the point group to which it is assigned. The depolarization ratio can theoretically have any value
between zero and infinity, but most commonly, it has a value of 0.33 or 0.75. The depolarization
ratio for totally symmetric vibrations is generally between 0 and 0.75 and the non-totally symmet-
ric vibrations are greater than 0.75.84,100
The stimulated Raman scattering signals measured using the broadband 2PA technique in fig-
ure 4.6 has an intermediate depolarization ratio of 0.5. The polarization dependence of the high-
frequency C-H stretching modes has been studied previously and reported by Proffitt et al.101 The
C-H stretching Raman bands of benzene include two transitions at 3045 and 3062 cm-1. Reported
by Proffitt et al. the polarization dependence these bands at 3062 cm-1 band is depolarized with
a ratio of ρ = 0.11 and 3045 cm-1 band has a depolarization ratio of ρ = 0.53. Since the mea-
sured stimulated Raman scattering signal in Figure 4.6 contains both C-H stretching Raman bands
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Figure 4.6: Polarization dependence of the two-photon absorption and stimulated Raman scattering
of benzene
the weighted average can be used to estimate the expected depolarization ratio for the combined
bands. The weighted average from the known depolarization ratios estimated the combined depo-
larization ratio to be 0.3. The measured depolarization ratio of 0.5 can be explained by the limited
polarization purity achieved during this measurement. Even with the limited polarization purity
the stimulated Raman scattering can still be used as an internal standard for the calculation of the
absolute 2PA cross-section. In addition, the stimulated Raman scattering can also provide insight
into the polarization dependence of the two-photon absorption measurement. The stimulated Ra-
man scattering signals can also be used as an internal standard if the polarization dependence of the
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measured solvent Raman bands is known. Therefore, the stimulated Raman signals can be useful
in the calculation of the 2PA cross-sections as well as the polarization dependence measurement
of the two-photon absorption signals.
4.4 Conclusions
The development of the broadband two-photon absorption technique through the implementation
of picosecond pump pulses provides for a wide range of benefits for the development of this tech-
nique. The picosecond pump pulse improved the capability of the broadband two-photon ab-
sorption technique to resolve the narrow Raman signals by reducing the overall bandwidth of the
pump pulse. The comparison of the picosecond and femtosecond pump pulses clearly shows the
improved ability of the technique to resolve the Raman signals. The resolution of the Raman scat-
tering signals is no longer limited by the bandwidth of the pump pulse but instead by the method of
detection and the inherent line width of the Raman signal. In addition, the amplitude of the cross-
phase modulation signal is stretched over a longer pulse duration and is hardly noticeable when
using a picosecond pump pulse. Therefore, the identification of the signals derived from two-
photon absorption becomes easier. Lastly, the largest complication of the broadband two-photon
absorption technique is the use of optical delay stages to account for the chirped white-light con-
tinuum. The longer pulse duration enables the interaction of the pump pulse with a broader range
of chirped probe wavelengths at a single pump-probe delay.
The two-photon absorption spectrum of the A1g to B2u transition in benzene was measured us-
ing the broadband two-photon absorption technique. The forbidden electronic transition in benzene
was chosen for measurement because of its known vibronic structure in order to test the ability of
the broadband two-photon absorption to resolve the vibronic structure in the condensed phase. The
broadband two-photon absorption technique can not only resolve the vibronic progressions, but it




5.1 Development of Single Shot Two-Photon Absorption Measurement
The largest complication in the measurement of a two-photon absorption spectrum is the neces-
sity of ultrafast laser pulses for all the techniques mentioned in this thesis. They are complicated
by either the use of translational stages or by tuning of laser wavelengths. The broadband 2PA
technique requires the use of optical delay stages in order to overlap the ultrafast laser pulses in
time. The z-scan technique’s use of translation stages is required to move the sample through laser
focus. The work presented in this thesis has been to develop the broadband two-photon absorption
technique in order to reduce the experimental uncertainty using stimulated Raman scattering as
an internal standard, and to reduce the complexity of the technique by incorporating picosecond
pump pulse.
Motivated by the idea of a single shot two-photon absorption measurement single-shot tech-
niques have been demonstrated previously, and most notably the frequency-resolved optical gat-
ing(FROG) techniques that have been developed to simultaneously measure the time and frequency
domains of ultrafast laser pulses. The FROG technique can be implemented in a variety of differ-
ent schemes based on the beam geometries, and how the optical gating is occurring. For example,
the FROG technique can be used in second-harmonic generation FROG (SH-FROG) geometry,
four-wave mixing in the transient grating FROG (TG-FROG) and others.64,102,103 The most im-
portant feature of the FROG autocorrelation measurements is the ability to encode both the time
and frequency domains in a single-shot measurement. Similarly, a single shot two-photon absorp-
tion measurement could be possible if the combination of the stretched picosecond pump pulses
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and simultaneous measurement of the time and frequency domains as demonstrated in the FROG
measurements.
We previously implemented for diagnostic purposes the polarization-gated frequency-resolved
optical gating (PG-FROG) as demonstrated by Trebino et al. The PG-FROG was implemented as
diagrammed in the schematic in Figure 2.1.63,104 The PG-FROG setup requires two beams where
the polarization is rotated 45 degrees between the two. The beams are then overlapped in time
and space inside of a fused silica substrate. The mapping of the temporal domain comes from
the use of a cylindrical lens and line focus. By focusing to a line, the temporal information is
encoded spatially as the two laser pulses propagate through the medium, as shown in Figure 5.1.
The beam with the polarization that is rotated 45 degrees is discarded. The other laser beam is
Figure 5.1: Representation of the time domain encoded spatially using overlapping pulses focused
to a line.
put incident upon a perpendicular Glan-Taylor polarizer, therefore, cutting out the intensity before
the reflection grating. Then as the two pulses interact in the fused silica substrate, the optical Kerr
effect can rotate the polarization and allow for the FROG signal to pass through the polarizer and
be dispersed onto the CCD detector.
The spectrogram of the transformed limited ultrafast laser pulse from the commercial regenera-
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tively pumped Ti:Sapphire laser was measured using the PG-FROG autocorrelation measurement,
and shown in the top spectrogram of Figure 5.3. The PG-FROG technique, as described, was able
Figure 5.2: Spectrogram of an ultrafast laser pulse measured using PG-FROG
to measure the time and frequency domains of the ultrafast laser pulse. In addition, the single shot
nature of the technique allowed for a live view of the group velocity dispersion or “chirp” of the
laser pulse, as shown in the bottom spectrogram of Figure 5.3. The chirped laser pulses clearly
show the dispersion of the pulse in time. The ability to visualize the spectrogram of the laser pulse
without the complexity of optical delay stages is the reason why FROG instruments are a powerful
diagnostic tool in the field of ultrafast laser spectroscopy.
The ability to measure broadband two-photon absorption spectra in a single shot would allow
for the measurement of the 2PA spectrum without scanning the pump-probe delay or translation
of the sample in the z-scan. Therefore would provide a simpler overall technique that can be used
to move the entire field of study and the fundamental two-photon absorption spectroscopy. In ad-
dition, the single-shot measurement would significantly decrease the overall signal averaging by
reducing the number of laser pulses needed to measure the complete two-photon absorption spec-
trum. The single-shot two-photon absorption spectrometer would increase the number of research
groups that could actively measure accurate two-photon absorption, not just the limited number of
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researchers with transient absorption capabilities.
5.2 Two-Photon Absorption Spectroscopy of Carbon Monoxide Releasing
Molecules (CORMs)
The method development of the broadband two-photon absorption technique was ultimately to
utilize this improved technique in measuring spectroscopically interesting molecules and work-
ing towards controlling photochemical reactions using two-photon absorption.27 The use of two-
photon absorption in photodynamic therapy (PDT) has been demonstrated and well studied due to
the high spatial control granted from nonlinear absorption, and the better tissue penetration from
wavelengths in near IR range.14,15 The development of two-photon sensitizers for photodynamic
therapy has be demonstrated in a wide variety of transition metal complexes including, metal car-
bonyl complexes. Metal carbonyl complexes have been shown to undergo carbon dioxide release
after optical excitation of a metal to ligand charge transfer state.105,106 Carbon monoxide has been
shown to act as an intracellular signalling molecule and can be used to signal for many biologically
beneficial behaviors such as anti-inflammation. The incorporation of non-linear absorption to the
photochemical release of carbon monoxide is vital due to the well known general toxicity of carbon
monoxide. The use of two-photon absorption can ensure that the carbon monoxide is produced in
a tight focal volume and a non-harmful manner overall.
In order to better understand the carbon monoxide release in metal complexes, we did a prelim-
inary study on a series metal carbonyl complexes with known carbon monoxide releasing behavior
and the desired photoinduced carbon monoxide release is shown in figure 5.3.The preliminary se-
ries included both rhenium and manganese complexes. The rhenium complexes were used as a
test molecule due to their photostable behavior and therefore, an overall more straightforward in-
troduction to the two-photon absorption spectroscopy of metal complexes. Broadband two-photon
absorption spectroscopy was used to better understand the photo-induced release of carbon monox-
ide under two-photon absorption to fine-tune its properties for use in applications.
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The broadband two-photon absorption spectra of both the rhenium and manganese carbonyl
Figure 5.3: Two-photon absorption induced carbon monoxide release in manganese tricarbonyl
complexes
complexes are shown in figure 5.4. In addition, the one-photon absorption spectra are overlaid
for comparison of the allowed electronic transitions. The two-photon absorption spectra are com-
plicated by the presence of stimulated Raman scattering signal from the metal complexes since
the following spectra have already had the solvent contributions to the two-photon absorption and
stimulated Raman scattering removed. For the rhenium complexes, the two-photon absorption
spectrum matches the corresponding one-photon absorption spectrum meaning that for either ex-
citation the molecule is reaching similar excited states. The compelling case shown in figure 5.4
is for the manganese complex the one-photon and two-photon absorption spectra are different,
suggesting the possibility of different strength electronic transitions in the manganese 1PA and
2PA spectra. The measured metal to ligand charge transfer bands in the one-photon absorption
spectrum had different absolute amplitudes meaning that in the case of two-photon absorption, the
stronger electronic transition is located to the blue side around 330 nm instead of in the one-photon
absorption case that is strongest around 410 nm.
The usefulness of broadband two-photon absorption spectroscopy to the further development of
manganese tricarbonyl complexes is imperative for maximizing the two-photon absorption cross-
section and understanding the photo-release of carbon monoxide under two-photon absorption.
The next steps going forward to improve the usefulness of the manganese tricarbonyl for appli-
cations in photodynamic therapy is to increase the absolute two-photon absorption cross-section,
maintain the ability of the photo-induced carbon monoxide, and finally work to obtain water sol-
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Figure 5.4: Two-photon absorption spectra of metal tricarbonyl complexes.
ubility through different derivatives of the bipyridine ligand scaffold. In order to make these
improvements to the manganese tricarbonyl complexes accuarate two-photon absorption spec-
troscopy is needed.
The method development of the broadband 2PA technique was motivated by the many appli-
cations that take advantage of non-linear absorption that are mentioned previously. The continued
development of these applications requires not only the development of new molecules with large
two-photon absorption cross-sections, but also the understanding of the electronic structure and the
states being reached under non-linear excitation. The ability to maximize the absolute two-photon
absorption cross-section and the efficiency at which specific chemical reactions occur under non-
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linear excitation requires accurate two-photon absorption spectroscopic methods. The study of the
photo-active manganese metal complexes that release carbon monoxide under optical excitation
was carried out to demonstrate the necessity of having broadband two-photon absorption spectra
when developing and maximizing the two-photon properties for interesting applications like pho-
todynamic therapy in the case of the carbon monoxide releasing molecules. In order to achieve
a possible manganese complex that is a possible target for photodynamic therapy, a large two-
photon absorption cross-section, efficient photochemical release, and solubility in water must be
achieved. All these properties require an understanding of the electronic structure and the states
involved with nonlinear excitation.
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